Selective epitaxial growth of B-doped SiGe (SiGe:B) films is one of the key techniques for the embedded SiGe (e-SiGe) structure for high-performance pMOSFETs. Both the high Ge composition and the high B-doping concentration are desirable for increasing the stress in the channel region and decreasing the series resistance in the source/drain region. However, increasing Ge composition and B concentration may lead to defects in the epitaxial SiGe:B layer and thus to the roughening of the surface of the films. In this work, influence of B doping on the surface roughness and the roughening process in SiGe:B epitaxial films are examined.
Introduction
Improvement of high-performance transistors has required drastic scaling of the transistor size. However, the continuous reduction of transistor size has led to dimensions at which other detrimental issues such as short-channel effects and punchthrough come into play. Thus, additional methods of enhancing transistor performance are needed. Selective epitaxial growth (SEG) of SiGe is one of the new strained silicon technology techniques for selectively embedding Si 1-x Ge x layers in the source and drain (S/D) regions in pMOSFETs, leading to a compressively strained channel and decreased in-plane effective mass, i.e., increased hole mobility (1, 2) .
In these structures, it is desirable to have high germanium (Ge) composition for increased stress and high boron (B) doping concentration to reduce interface resistance in the S/D stressors. However, increasing B concentration and Ge composition may be detrimental to the epitaxial growth.
In this work, we examined the effect of B doping on the surface roughness and the roughening process in Si 1-x Ge x :B epitaxial films for potential use in p-MOSFET S/D stressors.
The gas flow parameters are SiH 4 / HCl / GeH 4 / B 2 H 6 = 50 / 120 / (365~700) / (0.0~1.0) sccm. H 2 was used as the carrier gas, which was kept constant at 37 slm. The thickness of the Si 1-x Ge x :B layer is ~100 nm. Ge composition of x = 0.20 and 0.25, corresponding to lattice constants of ~1% larger than Si, have been chosen in this experiment. The growth temperature was kept constant at 715 o C. The pressure during epitaxial growth was 10 Torr. The surface roughness of the Si 1-x Ge x :B / Si epitaxial layers was investigated using atomic force microscopy (AFM), scattering light detection measuring equipment (Surfscan SP2), and scanning electron microscopy (SEM).
Results and Discussion
Growth Characteristics: Growth Rate, Ge Composition and B Concentration
Initially, the growth rates, Ge composition and B concentration of Si 1-x Ge x :B layers at each process condition were measured in order to examine the condition dependence of the basic parameters. Figure 1 shows the B 2 H 6 flow rate dependence of the growth rate and Ge composition. When the GeH 4 flow rate was 700 sccm, the growth rate and the Ge composition are nearly constant and independent of the B 2 H 6 flow rate. However, when the GeH 4 flow rate was 365 sccm, the growth rate and the Ge composition were gradually increased and decreased, respectively, with increasing B 2 H 6 flow rate. B and Ge are known as precursors that enhance the growth rate of Si. When the GeH 4 flow rate was 700 sccm, B 2 H 6 did not seem to increase the growth rate, because the growth rate was mainly controlled by the high flow rate of GeH 4 . On the other hand, when the GeH 4 flow rate was 375 sccm, increase of the B 2 H 6 flow rate increases the growth rate, confirming the role of the B 2 H 6 as an additional precursor to GeH 4 . Because of this increase of the growth rate with the GeH 4 flow rate held constant, the resulting Ge composition decreases with increasing B 2 H 6 flow rate.
In this work, we call these two sets of GeH 4 flow rate samples with 365 sccm and 700 sccm "Ge: 20%" and "Ge: 25%", respectively. 20 cm -3 ), there was a sudden increase in surface roughness. Moreover, an interesting result, shown in the inset, was observed for the 25% sample. The inset indicates that for a B 2 H 6 flow rate of 0.3 sccm, the minimum surface roughness value was obtained. This was also confirmed by performing surface roughness measurement using Surfscan SP2. These results suggest that the surface roughness is highly affected by the interaction of the Ge and B atoms as well as the high Ge composition and B concentration. To determine the roughness characteristic within the B 2 H 6 flow rate range shown in the inset of Fig. 4 , we investigated the B 2 H 6 flow rate dependence of the surface roughness of samples of different thicknesses but with equal Ge composition of x = 0.25 (see Fig. 5 (a) ).
From Fig. 5 (a) , for the same corresponding thickness, the average roughness Ra obtained using a B 2 H 6 flow rate of 0.3 sccm is smaller than that obtained using a B 2 H 6 flow rate of 0.05 sccm. This suggests that for the present process condition, a B 2 H 6 flow rate of 0.3 sccm is the optimum value for obtaining the minimum value of surface roughness.
Figure 5 (b) shows the B 2 H 6 flow rate dependence of the surface roughness of the same set of samples measured using Surfscan SP2.
A well-defined minimum in film thickness of 100nm was confirmed at B 2 H 6 flow rate of 0.3 sccm consistent with the results shown in Fig. 5 (a) . Moreover, it was found that the surface roughness value is close to that of the bare Si substrate at least up to a thickness of ~50nm. Such slight increase of surface roughness may be due to other impurities, such as oxygen. , 16 (10) 267-272 (2008) Figure 5 . B 2 H 6 flow rate dependence of the surface roughness of the samples of different thicknesses but with equal Ge composition of x=0.25 (a) measured using AFM, and (b) measured using Surfscan SP2. To examine the square-shaped patterns observed by SP2, SEM observation was performed. From the observation, a "rock-like" mound was found at the center of squareshaped patterns. A typical example of an SEM image of this rock-like mound at the , 16 (10) 267-272 (2008) center of a square-shaped pattern is shown in Fig. 7 . Results of EDX measurements indicated that these particles contain metallic elements, such as Fe or Al. Figure 7 also shows that the rock-like mound is surrounded by pits. This figure suggests that metallic elements had been introduced prior to epitaxial growth and the mound is formed on the foreign substance. The pits around this rock-like mound are formed due probably to the diffusion of these metallic contaminants.
ECS Transactions

This result suggests that the effect of metallic contaminants detrimental to epitaxial growth on surface roughening is considerable especially for surfaces under high stress such as that of "Ge : 25 %". 
Conclusion
Surface roughening of Si 1-x Ge x :B epitaxial films was investigated. Surface roughness abruptly increased when the Ge composition was more than 22%. The minimum roughness value was found using an optimum B 2 H 6 flow rate. This indicates that the surface roughness was affected by the interaction of the Ge and B atoms. AFM and SEM investigations suggest that foreign impurities on the surface have an important role in the roughening of the Si 1-x Ge x :B epitaxial films for surfaces under high stress.
